stimuli, compared with smooth muscle cells from nor-search Institute which were originally derived ( 1986 ) from the breeding stock of Dr. Yukio Yamori ( Izumo, motensive strains.
Recently Agrotis et al 9 suggested that a single, rather Japan ) . All animals were housed in a temperature-controlled room ( 23Њ to 25ЊC ) with a 12-h day / night cycle. than multiple, factors might account for the enhanced responsiveness of vascular smooth muscle of SHR to Food and water were administered ad libitum. Systolic blood pressures ( SBP ) were measured in conscious, regrowth factors. It was proposed that defective transforming growth factor-b ( TGF-b ) signaling could ac-strained animals, by tail-cuff plethysmography ( IITC Life Science Instruments, Woodland Hills, CA ) at an count for the generalized enhanced proliferative responsiveness of vascular smooth muscle in the presence ambient temperature of 27ЊC. 4 Body weights were also recorded. of growth factors. TGF-b is known to act in an autocrine manner on smooth muscle in vitro 10 and is produced Experimental Design Since the comparative study on by these cells in response to growth factors activating vascular growth responses depended on the SBPs being tyrosine kinases 11 and also angiotensin II. 12, 13 similar in the renal hypertensive WKY and SHR, a pilot Hence, exaggerated growth of SHR smooth muscle study was carried out to determine the size of the silver cells may be dependent on specific growth-promoting clips required for placement on a renal artery that would stimuli for which angiotensin II is a potential candidate.
elevate SBP to similar levels. Silver clips with a 0.22 mm Angiotensin II has been shown to exert a trophic effect and 0.24 mm cleft were found to produce equivalent on vascular smooth muscle both in vitro and in vivo. 14 hypertension in the uninephrectomized 1K1C renal hyIn culture, angiotensin II induces hypertrophy or hyperpertensive WKY and SHR, respectively. Accordingly the plasia in vascular smooth muscle cells, with hyperplasia study design used the following groups of animals: usually occurring only in cells derived from SHR. 15, 16 In 1) SHR-uninephrectomized (U-SHR); 2 ) SHR-1K1C, addition, in vivo angiotensin II has been implicated in 0.24 mm diameter clip ( RH-SHR ) ; 3 ) WKY-uninephthe development of vascular hypertrophy in SHR, 17, 18 rectomized ( U-WKY ) ; 4 ) WKY-1K1C, 0.24 mm diamepossibly enhancing cell growth via TGF-b 1 . 19 In reninter clip ( RH 0.24 -WKY ) ; and 5 ) WKY-1K1C, 0.22 mm didependent two kidney, one clip (2K1C) renal hypertenameter clip ( RH 0.22 -WKY ) . sion in growing SHR, the developing vascular hypertrophy is greater in some vessels than in 2K1C hypertensive Surgical Procedures Briefly, 6-week-old male SHR Wistar-Kyoto rats (WKY) of the same age. 20 In the renal and WKY rats were anaesthetized with an intraperitohypertensive SHR hypertrophy of small mesenteric arter-neal injection of brietal sodium ( Lilly Pharmaceuticals, ies develops more rapidly and to a greater extent than in Indianapolis, IN; 10 mg / 200 g body weight ) . Uninage matched renal hypertensive WKY. These differences ephrectomy was carried out by exposing the right kidcould not be attributed to small differences in blood pres-ney via a right flank incision, ligating the right renal sures between the two groups of animals, but could have artery, and then removing the kidney below the ligabeen the consequence of intrinsic cellular differences, ele-ture. In the rats undergoing renal artery clipping the left vated plasma angiotensin II levels, or other factors charac-kidney was also exposed and a silver clip with either a teristic of this form of hypertension. To further under-0.24 mm cleft or a 0.22 mm cleft placed around the left stand the nature of the greater responsiveness of the vas-renal artery. After completing the surgery, all rats were culature of the SHR to growth stimuli, we have compared allowed to recover in a heated cage and monitored postvascular growth responses in 6-week-old SHR and WKY operatively. Surgical procedures and animal care conduring the development of one kidney, one clip (1K1C) formed to the ''Australian Code of Practice for the Care renal hypertension, which is a non-renin-dependent and Use of Animals for Scientific Purposes'' and were model of hypertension. We have previously demon-approved by the Baker Medical Research Institute Anistrated that in this form of hypertension blood pressure mal Ethics Committee. is not attenuated by pharmacologically effective doses of AT 1 receptor antagonists.
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Isolation and Analysis of Vascular Smooth Muscle
Cells Four weeks after the operation the animals were We have also used this study to investigate the relationship between induction of cellular hypertrophy and killed with an intraperitoneal overdose of brietal sodium and the thoracic aorta and mesenteric vasculature development of polyploidy in vivo as 1K1C hypertension has been reported to increase the size of smooth rapidly excised and placed in cold Hanks' Balanced Salt Solution. The aorta, superior mesenteric artery, and muscle cells in vivo and cellular polyploidy is associated with an increase in cell size in culture. We have associated small mesenteric arteries and arterioles were then cleaned of fat and connective tissue. The anastoperformed these studies in enzymatically isolated smooth muscle cells from the aorta. mosing small branches of the mesenteric vasculature were separated from the large superior mesenteric ar-METHODS tery as previously described. 22 Smooth muscle cells were enzymatically isolated from the aorta and small Animals Male SHR and WKY rats were obtained from a colony maintained at the Baker Medical Re-mesenteric vessels using well established techniques. were resuspended in 0.9% normal saline and ethidium bromide stock solution in 1% Triton X ( 50 mg/mL final concentration ) . 23 The cells were filtered through 50 mm pled ( Figure 1 ) . Usually only one vessel per rat satisfied nylon mesh and RNAse ( 1 mg /mL final concentration ) this criterion; however, in some rats two or three vessels added 5 min prior to analysis. The cell suspensions were available and used. Wherever more than one veswere syringed twice through a 26-gauge needle to ensel was analysed in a rat the values were averaged. sure uniformity of cell distribution and then the intensity of DNA fluorescence in each nucleus measured Histological Processing of Small Mesenteric Arteries After using a FACScan ( Becton, Dickinson & Company, Lin-immersion in neutral buffered formalin ( see above ) the coln Park, NJ ) flow cytometer. Duplicate samples ( 5,000 vessels were dipped in India ink to aid identification. to 25,000 cells ) from each vessel /microvascular bed Each vessel was cut into segments of 2 to 4 mm ( 4 were analyzed. Cell cycle compartments were esti-to 6 pieces per vessel ) and the segments were then mated by curve fitting and subtraction of an exponen-dehydrated in a graded series of ethyl alcohol ( 70%, tial noise background using the VERITY:Modfit DNA 80%, 90%, and 95% ) , each for a period of 60 min. Resin histogram modelling program ( VERITY Software infiltration followed using 2-hydroxyethyl methacryHouse Inc., Topsham, Maine ) . The degree of poly-late ( Polaron Embedding Medium, BioRad, Richmond, ploidy in the population of cells is expressed as the CA ) involving two 3 hourly changes. Finally, vessel percentage incidence of 4N cells.
segments were flat embedded in the methacrylate resin. Labeled chucks were sealed with paraffin wax and the Histological Analysis of Vessels Perfusion Fixation moulds placed in an oxygen-free atmosphere to faciliThe rats were anaesthetised with an intraperitoneal intate polymerization. jection of sodium pentobarbitone ( 24 mg / kg ) and a cannula placed in the aortic bifurcation. A bolus of hep-Vessel Staining and Sectioning The mesenteric vessels arin sodium ( Fisons Pty. Ltd., Castle Hill, Australia ) ( 1 were flat embedded. Therefore, to produce cross-secunit heparin / gram body weight ) to prevent clotting tions of the vessels, after polymerization the blocks and papaverine hydrochloride ( 1.2 mg / rat ) ( David were removed from their chucks, reoriented, and glued Bull Laboratories, Mulgrave, Australia ) to maximally onto the chuck. Before sectioning, the combined thickdilate blood vessels was injected via the cannula and ness of the block and chuck was measured using a digithe vessels cleared with Hanks' Balanced Salt Solution tal micrometer ( Mitutoyo, Japan ) with a precision of 1 ( HBSS ) ( pH 7.3 ) after the jugular vein had been sev-mm. The vessels were then exhaustively sectioned ( 20 ered. The blood vessels were perfusion fixed at maxi-mm thickness ) using a Reichert-Jung Supercut 2050 mum dilatation using 2.5% glutaraldehyde in 0.1 M (Cambridge Instruments, Germany) fitted with a glass phosphate buffer ( pH 7.3 ) at a constant flow rate of 1 knife. Every fifteenth section was sampled with the first mL / 100 g body weight /min. 20 The mesenteric vascular section chosen at random. The sampled sections were bed was dissected from the rat and immersed in 1.5% mounted on 1% gelatinized slides, dried on a 30ЊC hot glutaraldehyde in phosphate buffer for several days, plate, and then dried for a further 2 to 3 days at 60ЊC. and then transferred to 10% neutral buffered formalin for at least 2 days. 17, 21 Briefly, every third a morphometry software package ( Measure program, Capricorn Scientific Software, Woori Yallock, Victoria, mounted section was used to count smooth muscle cells. A systematic uniform sample of fields was ob-Australia ) . From these measurements the media thickness and media:lumen ratio were calculated. tained on sections using a motorized microscopic stage. Images were projected onto a monitor screen with an Statistics Values are expressed as means { standard orthogonal grid superimposed. The number of smooth error of the mean. To investigate individual comparimuscle cells was counted in a 10-mm depth of section sons, a one-way analysis of variance was performed on with the aid of an electronic microcator fitted to the the vascular and smooth muscle cell growth data at 10 microscope stage. Those nuclei that contacted the left weeks of age. Differences between individual groups and bottom edges of the counting frame ( ''forbidden were determined by Fisher's least significant difference lines'' ) at the moment they came into focus were not test. To determine the effect of clipping, the effect of counted. Those nuclei that contacted the right and up-strain and the interaction between strain and clipping, per edges of the frame the moment they came into focus a two-way analysis of variance was also performed on were counted. SHR, WKY, RH-SHR, and RH 0.24 -WKY. The significance The numerical density ( N Vsmc,m/i ) of smooth muscle of blood pressure and body weight measurements over cells in the media and intima of first order mesenteric the treatment period was analyzed at each week postarteries was determined according to the formula: surgery using a one-way analysis of variance. P õ .05 were considered significant. N Vsmc,m/i Å Q 0 10 1 SP m/i 1 a(p) RESULTS Q 0 represents the total number of smooth muscle cell Body Weights and Blood Pressures There were only nuclei counted, and 10 mm was the depth of section small differences in body weights between the uninanalyzed ( height of disector ) ; SP m/i is the sum of grid ephrectomized ( U ) and the renal hypertensive ( RH ) points overlying media and intima, and a(p) the area animals. Four weeks after inducing the hypertension, of the unbiased counting frame associated with each when the animals were 10 weeks old, body weights in grid point.
the U-WKY and RH 0.24 -WKY groups averaged 256 { 7 g and 249 { 6 g, respectively (P ú .05 ) . Similarly, in Estimating the Volume of the Media Plus Intima in First the SHR groups body weights at 10 weeks of age averOrder Mesenteric Arteries The Cavalieri principle 24 was aged 254 { 6 g and 252 { 6 g in the U-SHR and RHemployed to estimate the combined volume of the me-SHR, respectively ( P ú .05 ) . In the RH 0.22 -WKY body dia and intima in each first order mesenteric artery. weights after 4 weeks of hypertension averaged 240 { Using every second mounted glycolmethacrylate sec-2 g (P ú .05, from U-WKY ) . tion artery cross-section images were projected onto an Systolic blood pressures in the different groups of aniorthogonal grid ( 2.54 cm 1 2.54 cm) at a final magnifi-mals are shown in Figure 2 . Four weeks after the operacation of 3251. The volume of media plus intima was tions SBPs in the U-and RH 0.24 -WKY averaged 144 { 2 calculated using the formula: mm Hg and 190 { 2 mm Hg, respectively (P for differences õ .01). In the RH 0.22 -WKY SBP was elevated to an V m/i Å SP m/i 1 a(p) 1 15 1 2 1 t even greater extent averaging 214 { 5 mm Hg (P for where SP m/i is the total number of grid points overly-difference from RH-WKY õ .05). In the U-SHR and RHing media and intima, a(p) is the area associated with SHR the SBPs at this time averaged 182 { 5 mm Hg and each grid point, t the average section thickness, and ( 15 215 { 4 mm Hg, respectively (P for differences õ .01). 1 2 ) is the inverse of the section sampling fraction.
There was little difference in SBP between the RH 0.
-WKY and RH-SHR (P ú .05); the blood pressures in Estimation of the Total Number of Smooth Muscle Cells in
these two groups were on average 25 mm Hg higher First Order Mesenteric Arteries An unbiased estimate than in the RH 0.24 -WKY group (P õ .05). of the total number of smooth muscle cells in each first order mesenteric artery was obtained by multiplying Small Mesenteric Artery Structure Differences in the volume of media and intima ( V m/i ) by smooth mus-media cross-sectional areas between the small mesencle cell numerical density ( N Vsmc,m/i ):
teric arteries of the U-SHR and U-WKY were less than 5% ( P ú .05 ) . There were no differences in media cross-N smc Å V m/i 1 N Vsmc,m/i sectional area between the three renal hypertensive groups ( Table 1 ) . Mean cross-sectional areas were sigMedial Cross-Sectional Area Estimation Medial crosssectional area was determined in ten randomly selected nificantly greater ( P õ .05 ) in the renal hypertensive groups than in uninephrectomized shams but there was sections for each vessel. The sections were projected onto a digitizing tablet and the luminal and external no interaction between clipping and strain effects in a / 2e11$$2076
12-08-96 18:32:21 eajhal EL: AJH cell numbers in the mesenteric arcade of RH-SHR were reduced by 22% compared to U-SHR (P õ .05 ) . However, smooth muscle cell number in U-WKY, RH 0.24 -WKY and RH 0.22 -WKY and RH-SHR were similar. Differences were apparent between the 10-week-old U-SHR and U-WKY; on average the vessels of U-SHR contained 45% more cells than did the equivalent vessel of U-WKY ( Table 2 ; P õ .05 ) . There were no apparent differences in smooth muscle cell densities ( number per volume ) between the renal hypertensives and their respective uninephrectomized controls ( Table 2 ) . Renal hypertension consistently caused small increases in the frequency of polyploid small artery smooth muscle cells. In RH-SHR the increase was 2.5- dence of 3.72 { 0.45% and 5.05 { 0.59% in the RH 0.24 -WKY and RH 0.22 -WKY, respectively, compared with 1.19 { 0.18% in the U-WKY. two-way analysis of variance. In the RH-WKY animals Aortic Medial Cells A two-way analysis of variance medial areas were on average 23% greater than in U-indicated a significant increase in aortic smooth muscle WKY and in RH-SHR medial cross-sectional area was cell size (P õ .05 ) and in the incidence of polyploid 21% greater than in U-SHR. Individual comparisons smooth muscle cells following renal artery clipping. between groups using a one-way analysis of variance The incidence of polyploid cells was greater in the SHR were not significant. Differences in mesenteric artery strain ( P õ .001 ) . media thickness between the various groups of animals followed a similar pattern ( Table 1 ) . DISCUSSION The effects of renal hypertension on mesenteric arIn this study we have used the generally accepted tery lumen diameters were small and somewhat variconcept that vascular wall thickness ( relative to the able ( Table 1 ) . Media thickness / lumen radius ratios lumen ) increases in proportion to the level of blood were significantly increased following renal clipping pressure, to assess whether the vasculature of SHR ( 0.24 diameter ) ( P õ .01 ) in the two strains; also the responds to the stimulus of 1K1C renal hypertension media / lumen ratio was significantly increased in the ( RH ) to a greater extent than WKY. Our findings indi-SHR strain overall compared to the WKY strain ( P õ cate that for the same blood pressure, growth of the .001 using a two-way analysis of variance ) . However, small mesenteric vessels is similar in the RH-SHR and with further constriction of the renal artery in the RH-WKY. Previously we have shown that vascular RH 0.22 -WKY the media thickness / lumen radius ratio hypertrophy in mesenteric vessels of 10-week-old was unchanged compared to controls. 2K1C ( RH ) -SHR is greater than in hypertensive 2K1C (RH) -WKY. 20 Taken together, the observations sugSmall Mesenteric Artery Medial Cells Four weeks after the onset of renal hypertension, smooth muscle gest that the magnitude and type of hypertrophy that develops in small vessels is not only dependent on same in the RH-SHR and RH-WKY. During the development of 1K1C ( renal ) hypertension there was no the level of blood pressure, but also on additional influences, which are likely to include local metabolic, apparent increase in smooth muscle cell number in the small mesenteric vessels of RH-SHR, rather a decrease hormonal, or related factors. The results also indicate that the vasculature of SHR is not hyperresponsive to was observed compared to U-SHR. The mechanism by which this reduction occurs is unclear at present all growth promoting stimuli.
but most probably involves a slower rate of vascular Renal artery clipping significantly elevated blood smooth muscle cell replication compared to the Upressure in uninephrectomized SHR and WKY. How-SHR as the animals grow to adulthood, or an increase ever, in the RH-SHR the final SBP was somewhat in cell death or apoptosis, and this is probably attribhigher ( Ç25 mm Hg ) than in the RH 0.24 -WKY aluted to a change in local factors in the blood vessel though the respective rise in blood pressure due to wall as a result of renal artery clipping. Our results clipping the renal artery was about 40% greater in suggest that smooth muscle cells of SHR, despite bethe WKY. The reasons for this difference were not ing capable of proliferating more rapidly than those investigated but may relate to various differences in of WKY, are still highly susceptible to growth inhibirenal homeostatic mechanisms between the two tion by a variety of different agents 27 and do not hystrains. A more severe stenosis in the renal artery was perrespond to all types of stimuli. required to elevate SBP in the renal hypertensive Indeed, the trigger for exaggerated vascular growth WKY to levels similar to those achieved in the RHmay be linked to increased activity of the renin-angio-SHR. Thus, despite differences in the precise mechatensin system. 1K1C renal hypertension is generally nisms which contribute to blood pressure elevation in considered to be independent of the circulating reninthe RH-SHR and RH-WKY, for the same level of SBP angiotensin system, whereas 2K1C hypertension rethe small mesenteric vessels from the two strains sults in elevated circulating levels of angiotensin II. It achieved a similar level of hypertrophy.
has been shown that infusion of angiotensin II ( which Although renal artery clipping resulted in Ç33 mm leads to high circulating levels of angiotensin II ) in Hg rise in blood pressure in the RH-SHR compared ACE-inhibitor -treated SHR, leads to a marked hyperto the U-SHR no significant difference in media area or media volume were detected between the groups but significant increases in media thickness and media:lumen ratio were observed suggesting a remodel- se. 25 This trend was also observed in the U-SHR com-
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pared with U-WKY with a significant strain difference in media:lumen ratio detected using a two-way analy- 
